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HIGHLIGHTS 


•  The  properties  of  carbon  derived 
from  starch  with  an  added  flame 
retardant  were  investigated. 

•  The  capacitance  values  were 
improved  by  the  addition  of  the 
flame  retardants. 

•  The  N  atoms  derived  from  the  flame 
retardants  were  incorporated  in  the 
synthesized  carbon  material. 

•  The  P  atoms  or  the  S  atoms  were 
possibly  incorporated  in  the  synthe¬ 
sized  carbon  material. 
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Carbon  materials  derived  from  starch  with  an  added  flame  retardant,  such  as  melamine  polyphosphate, 
melamine  sulfate,  guanylurea  phosphate,  or  guanidine  phosphate,  were  synthesized  for  investigating  the 
performance  as  the  electrode  of  an  electrochemical  capacitor.  The  yield  after  the  heat  treatment  of  the 
carbonization  reaction  increased  by  the  addition  of  these  flame  retardants  up  to  800  °C.  Although  both 
the  specific  surface  area  and  electrical  resistivity  are  almost  independent  of  the  addition  of  the  flame 
retardants,  the  capacitance  values  are  improved  with  the  addition  of  the  flame  retardants.  The  nitrogen 
atoms  derived  from  the  flame  retardants  are  introduced  to  some  extent  into  the  synthesized  carbon 
material.  Moreover,  the  phosphorous  atoms  or  the  sulfur  atoms  derived  from  the  flame  retardants  are 
doped  into  the  synthesized  carbon  material.  The  method  applied  in  this  study,  that  is,  the  addition  of 
flame  retardants  before  the  carbonization  process  can  be  used  for  the  doping  of  the  hetero  atom  such  as 
N,  P  and  S  into  the  carbon  material. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Many  research  studies  have  been  performed  for  the  develop¬ 
ment  of  carbon  materials  as  the  electrode  of  electrochemical  ca¬ 
pacitors  such  as  the  electrical  double  layer  capacitor  (EDLC) 
because  the  electrode  is  the  most  important  component  for  the 
electrical  storage  [1—5].  Many  ideas  have  been  proposed  for 
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improving  the  performance  of  the  carbon  material  [1,6,7],  The 
addition  of  a  hetero  element,  such  as  N,  has  been  proposed  as  one 
of  the  approaches  for  improving  the  performance  of  the  electrode 
for  use  in  an  electrochemical  capacitor  [8,9],  We  have  already  re¬ 
ported  that  the  addition  of  guanidine  phosphate  to  starch  before 
its  heat  treatment  is  effective  for  the  improvement  of  the  capaci¬ 
tive  performance  of  the  carbon  material  in  an  aqueous  electrolyte 
[10,11].  It  was  confirmed  that  the  N  atom  derived  from  the  gua¬ 
nidine  phosphate  was  incorporated  to  some  extent  into  the  syn¬ 
thesized  carbon  material.  It  is  known  that  guanidine  phosphate  is 
one  of  the  flame  retardant  for  cellulose,  which  is  a  kind  of 
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polysaccharide  like  starch  12],  It  is  known  that  certain  kinds  of 
flame  retardants  for  cellulose  could  be  involved  in  the  carboniza¬ 
tion  process  of  cellulose  [12],  The  chemical  structure  of  starch  is 
similar  to  that  of  cellulose.  Therefore,  these  flame  retardants  are 
presumed  to  introduce  the  hetero  atom  to  the  carbon  material 
derived  from  starch.  Moreover,  the  chemical  condition  (chemical 
bond,  networks  of  bonding,  and  so  on)  of  the  synthesized  carbon 
material  should  be  affected  by  the  addition  of  the  flame  retardant, 
and  the  electrochemical  property  of  the  carbon  material  may  be 
improved  by  the  change  its  the  chemical  structure. 

it  is  known  that  some  reagents,  such  as  melamine  poly¬ 
phosphate  [13],  melamine  sulfate  [14],  and  guanylurea  phosphate 
[15],  act  as  flame  retardants.  These  flame  retardants  contain  a 
hetero  atom,  such  as  N,  P,  and  S,  like  guanidine  phosphate.  There¬ 
fore,  it  is  presumed  that  these  reagents  would  also  be  effective  for 
improving  the  performance  of  the  carbon  material  derived  from 
starch  for  use  in  an  electrochemical  capacitor.  Because  the  addition 
of  a  flame  retardant  before  the  heating  process  is  simple,  easy,  safe, 
and  inexpensive,  this  method  should  be  important  for  practical  use. 
Therefore,  the  investigation  of  the  effect  of  the  addition  on  the 
performance  should  be  important  for  the  development  of  a  carbon 
material  for  use  in  an  electrochemical  capacitor.  In  this  study,  the 
effect  of  the  addition  of  these  reagents  to  starch  on  the  performance 
of  the  electrode  of  an  electrochemical  capacitor  was  investigated  in 
detail. 

2.  Experimental 

Commercial  starch  (Starch,  Soluble,  Wako  Pure  Chemical  In¬ 
dustries,  Ltd.)  was  mixed  with  a  flame  retardant  at  the  weight  ratio 
of  (starch:flame  retardant)  =  10:1.  In  this  study,  melamine  poly¬ 
phosphate,  melamine  sulfate,  guanylurea  phosphate,  and  guani¬ 
dine  phosphate  were  used  as  the  flame  retardant.  The  mixtures 
were  heated  at  700— 900  °C  for  1  h  under  flowing  N2  (50  mL  min-1). 
The  powders  after  the  heat  treatment  were  used  for  the  measure¬ 
ments  by  the  BET  method  (nova4200e,  Quantachrome  In¬ 
struments)  and  CHN-corder  (CHN  CORDER  MT-5,  Yanaco).  The  XPS 
measurements  were  performed  for  the  analysis  of  the  hetero  atoms 
(N,  P  or  S)  derived  from  the  flame  retardants  by  using  Shimadzu/ 
KRATOS  AXIS-NOVA.  The  peak  of  C  Is  was  used  for  the  calibration 
as  284.6  eV.  The  powders  prepared  by  the  heat  treatment,  acety¬ 
lene  black,  and  Teflon  powder  were  mixed  at  an  8:1 :1  ratio  to  form 
sheets.  The  sheets  were  cut  and  then  used  as  the  sample  for  the 
measurement  of  the  electrical  resistivity  and  the  electrode  for  the 
electrochemical  measurements.  The  electrical  resistivity  was 
measured  by  the  DC  four-probe  method.  The  sheets  were  placed  in 
a  three-electrode  cell,  and  Pt  plates  were  used  as  the  counter 
electrode  and  collector  electrode  and  a  Ag/AgCl  electrode  was  used 
as  reference  electrode.  The  capacitance  values  were  calculated  from 
the  data  for  the  charging  process.  In  this  study,  starch,  melamine 
polyphosphate,  melamine  sulfate,  guanylurea  phosphate,  and 
guanidine  phosphate  were  abbreviated  S,  PM,  SM,  PU,  and  PN, 
respectively.  Moreover,  the  information  about  the  treatment  tem¬ 
perature  was  described  on  the  label  of  the  samples.  In  the  case  of 
the  sample  washed  with  water,  "W”  was  used  for  the  label.  For 
example,  when  starch  mixed  with  melamine  polyphosphate  was 
heated  at  800  °C  and  the  sample  was  washed  with  water,  the  label 
of  the  sample  was  S-PM800W. 

3.  Results  and  discussion 

In  order  to  estimate  the  yield  of  the  sample,  the  weights  were 
measured  before  and  after  the  heat  treatment.  The  yields,  the  value 
of  100  x  (the  weight  after  the  heat  treatment)/(the  weight  before 
the  heat  treatment),  are  shown  in  Fig.  1.  The  yield  of  S700  was 
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Fig.  1.  Heating  temperature  dependence  of  yield. 


14.2%.  The  yields  decreased  with  the  increasing  heating  tempera¬ 
ture,  and  reached  9.3%  at  900  °C.  The  yields  of  S-PM700,  S-PU700, 
and  S-PN700  were  ca.  28%,  and  the  yield  of  S-SM700  was  22.3%. 
When  the  heating  temperature  was  less  than  800  °C,  the  yields  for 
the  samples  with  the  added  flame  retardants  were  greater  than 
that  for  only  the  starch  sample.  On  the  other  hand,  when  the 
heating  temperature  was  900  °C,  the  yields  for  the  samples  with 
the  added  flame  retardants  were  slightly  lower  than  those  for  only 
the  starch  sample.  There  was  no  effect  of  the  flame  retardants  on 
the  enhancement  of  the  yield  at  900  °C. 

The  CV  graphs  of  the  samples  are  shown  in  Fig.  2.  The  area  of  the 
CV  curves  for  the  samples  derived  from  only  starch  was  relatively 
small,  which  should  mean  that  the  capacitance  values  are  lower 
than  those  of  the  other  samples.  Therefore,  the  addition  of  the 
flame  retardants  could  enhance  the  capacitance  values.  Some  CV 
curves  of  the  samples,  such  as  S-PU800,  had  broad  peaks,  which 
may  be  derived  from  the  pseudocapacitance.  All  the  CV  graphs  of 
the  samples  treated  at  900  °C  had  a  rectangular  shape,  which 
should  mean  that  there  was  no  pseudocapacitance. 

The  heating  temperature  dependence  of  the  specific  surface 
area  is  shown  in  Fig.  3.  The  specific  surface  area  of  all  the  samples 
increased  with  the  increasing  heating  temperature.  At  700  °C,  the 
samples  with  added  flame  retardant  except  for  S-SM  had  lower 
specific  surface  areas  than  the  sample  derived  from  only  starch.  On 
the  other  hand,  at  900  °C,  all  the  samples  with  the  added  flame 
retardant  had  higher  specific  surface  areas  than  the  sample  derived 
from  only  starch.  This  result  should  be  one  of  the  facts  that  the 
flame  retardants  affected  the  carbonization  process  of  the  starch. 
However,  the  specific  surface  area  values  did  not  drastically  change 
by  the  addition  of  the  flame  retardants.  Some  of  the  flame  re¬ 
tardants  used  in  this  study  were  phosphates,  which  contain  the 
phosphoric  acid  component.  It  is  known  that  phosphoric  acid  acts 
as  an  activator  for  the  synthesis  of  activated  carbon.  Although  it 
might  be  postulated  presume  that  the  flame  retardants  used  in  this 
study  act  as  the  activator,  the  specific  surface  areas  of  the  samples 
with  the  added  flame  retardants  had  values  similar  to  that  of  the 
starch  only  sample.  Liu  et  al.  [16]  reported  that  the  specific  surface 
area  of  the  carbon  material  derived  from  a  lotus  stalk  with  added 
guanidine  phosphate  was  much  lower  than  that  with  added 
phosphoric  acid  when  the  heat  treatment  temperature  was  450  °C. 
Therefore,  these  phosphates  have  a  low  activity  as  the  activator  for 
the  synthesis  of  activated  carbon. 
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Fig.  2.  CV  graphs  of  the  samples. 
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Fig.  3.  Heating  temperature  dependence  of  specific  surface  area. 


Fig.  4.  Heating  temperature  dependence  of  electrical  resistivity. 
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The  heating  temperature  dependence  of  the  electrical  resistivity 
is  shown  in  Fig.  4.  The  electrical  resistivity  decreased  with  the 
increasing  heating  temperature.  The  sample  derived  from  only 
starch  had  the  lowest  values  at  all  the  temperatures.  The  heating 
temperature  dependence  of  the  nitrogen  percent  is  shown  in  Fig.  5. 
The  percentage  of  the  N  atom  in  the  sample  derived  from  only 
starch  was  almost  zero  because  there  is  no  nitrogen  in  the  chemical 
structure  of  starch.  (The  reason  for  the  low  amount  of  the  N  atom  in 
the  sample  of  S-700  might  be  due  to  contamination.)  The  samples 
with  these  added  flame  retardants  contained  a  few  percent 
(2—5  wt.%)  of  the  N  atoms.  Because  the  flame  retardants  contain 
nitrogen  in  their  chemical  structures,  the  N  atoms  should  come 
from  the  flame  retardants.  As  for  all  the  samples  with  the  added 
flame  retardants,  the  percent  of  N  decreased  with  the  increasing 
temperature.  The  results  of  the  CHN-corder  are  listed  in  Table  SI 
(supplementary  material),  and  the  percentages  of  the  elements 
other  than  C,  H,  and  N  are  shown  in  Fig.  SI  (supplementary  ma¬ 
terial).  As  shown  in  Fig.  SI  (supplementary  material),  the  per¬ 
centage,  which  should  consist  of  0  and  P  (or  S),  were  maximum  at 
800  °C.  The  values  of  “others”  for  the  added  samples  except  for  S- 
SM  were  higher  than  that  for  the  sample  derived  from  only  starch. 
The  values  of  “others”  should  contain  the  percents  of  oxygen  and 
phosphorous  (or  sulfur  in  the  case  of  S-SM).  Therefore,  it  should  be 
presumed  that  the  excessive  values  of  “others”  are  for  the  percent 
of  phosphorous  (or  sulfur  in  the  case  of  S-SM).  The  high  values  for 
all  the  samples  with  the  added  flame  retardants  containing  phos¬ 
phorous  were  ca.  10  wt.%.  On  the  other  hand,  the  S-SM  samples  had 
an  "others”  value  similar  to  the  samples  of  only  starch.  The  use  of 
the  flame  retardant  could  be  important  for  the  doping  of  two  kinds 
of  hetero  atoms  into  the  carbon  material. 

The  graphs  of  the  experimental  results  from  the  char¬ 
ge-discharge  test  at  50  mA  g_1  are  shown  in  Fig.  6.  The  shapes  of 
the  graphs  were  triangles,  which  should  mean  that  these  samples 
acted  as  capacitors.  The  capacitance  values  from  the  charge  process 
were  calculated  from  the  charge— discharge  test  data.  The  heating 
temperature  dependence  of  the  capacitance  value  during  the 
charge  process  of  50  mA  g_1  is  shown  in  Fig.  7.  The  capacitance 
value  of  the  sample  derived  from  only  starch  increased  with  the 
increasing  heating  temperature  although  the  values  were  the 
lowest  of  all  the  samples.  All  the  samples  with  these  added  flame 
retardants  had  lager  capacitance  values  than  that  derived  from  only 
starch,  and  had  the  maximum  capacitance  values  at  800  °C. 
Moreover,  the  capacitance  values  were  larger  than  that  of  a  com¬ 
mercial  activated  carbon.  The  used  activated  carbon  was  not 
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Fig.  5.  Heating  temperature  dependence  of  the  nitrogen  percentage. 
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Fig.  6.  Experimental  results  of  charge-discharge  test  (50  mA  g  1 ). 


industrial  material  for  EDLC  but  reagent  for  research  work.  There¬ 
fore,  the  absolute  value  of  the  capacitance  may  not  be  meaningful 
for  the  judgment  of  the  practical  use.  However,  the  comparable 
performance  to  activated  carbon  should  be  valuable  because  the 
samples  were  prepared  without  activation  process.  The  capacitance 
value  of  S-PU800,  which  was  ca.  137.62  F  g_1,  was  the  highest  of  all 
the  capacitance  values.  However,  the  capacitances  for  the  samples 
with  these  added  flame  retardants  were  similar  to  each  other. 
Therefore,  these  flame  retardants  should  have  a  similar  ability  for 
improving  the  capacitance  performance  of  the  carbon  material 
derived  from  starch. 

It  could  be  presumed  that  if  the  residue  derived  from  the  flame 
retardants  dissolved  in  the  electrolyte  solvent  is  ion  species,  the 
capacitance  values  might  be  affected  by  these  ion  species.  There¬ 
fore,  in  order  to  remove  the  residue,  which  can  dissolve  in  water, 
the  washing  treatment  with  water  was  repeatedly  performed.  The 
effect  of  the  washing  process  on  the  percentage  of  nitrogen,  specific 
surface  area,  the  electrical  resistivity,  and  the  capacitance  values 
during  the  charge  process  of  50  mA  g_1  are  shown  in  Fig.  8.  The 
percentages  of  the  elements  other  than  C,  H,  and  N,  before  and  after 
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Fig.  7.  Heating  temperature  dependence  of  capacitance  value  (charge  process: 
50  mA  g_1). 
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Fig.  8.  Effect  of  the  washing  process,  (a)  Percentage  of  nitrogen,  (b)  specific  surface 
area,  (c)  electrical  resistivity,  (d)  capacitance  values  (1  M  H2S04  aq„  50  mA  g  *). 


the  washing  process  are  shown  in  Fig.  S2  (supplementary  material). 
The  specific  surface  of  the  samples  increased  with  the  washing 
process,  except  for  S800.  The  percentage  for  all  the  samples  except 
for  S-SM800  decreased  with  the  washing  process.  On  the  other 
hand,  that  for  S-SM800  increased  with  the  washing  process.  The 
reason  for  the  changes  in  the  specific  surface  areas  could  be  the 
removal  of  the  residue  in  the  pores  on  the  sample  surface.  For  S800, 
the  decrease  in  the  specific  surface  area  might  be  caused  by  the 
removal  of  the  small  particles  which  have  a  high  specific  surface 
area.  The  percentages  of  nitrogen  in  the  samples  were  unchanged 
by  the  washing  process.  Therefore,  the  N  atoms  should  be  stable  in 
water.  Therefore,  the  N  atoms  could  exist  not  as  nitrate  salt,  but  as  a 
functional  group  or  structure  of  the  carbon  material.  The  values  of 
the  electrical  resistivity  were  independent  of  the  washing  treat¬ 
ment,  except  for  S-SM800.  The  CV  graphs  of  the  samples  are  shown 
in  Fig.  S3  (supplementary  material).  The  graphs  after  the  washing 
process  were  almost  the  same  as  those  before  the  washing  process, 
except  for  S-SM800.  Therefore,  the  sample  conditions  should  be 
unchanged  by  the  washing  process,  except  for  S-SM800.  It  could  be 
presumed  that  the  P  atoms  were  also  introduced  into  the  carbon 
materials.  Although  the  specific  surface  area  of  the  samples  with 
the  added  flame  retardants  increased  with  the  washing  process,  the 
capacitance  values  were  not  affected,  except  for  S-SM800.  The 
reason  for  the  unchanged  capacitance  values  is  unclear.  However,  it 
is  obvious  that  the  addition  of  the  flame  retardants  is  effective  for 
enhancing  the  capacitance  value. 

In  order  to  analyze  the  hetero  atoms  derived  from  the  flame 
retardant,  the  XPS  spectra  for  the  samples  of  S-SM  and  S-PM  are 
shown  in  Fig.  9.  The  samples  of  S-SM  had  the  peaks  assigned  to  S 
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Fig.  9.  XPS  spectra  for  the  samples,  (a)  S-SM700,  (b)  S-SM800,  (c)  S-SM900,  (d)  S- 
SM800W,  (e)  S-PM700,  (f)  S-PM800,  (g)  S-PM900,  (h)  S-PM800W. 


and  those  assigned  to  N  even  though  the  sample  after  the  washing 
process,  and  the  peak  positions  were  independent  of  the  heating 
temperature.  However,  the  relative  intensity  of  the  peak  at  ca. 
398  eV,  which  could  be  assigned  to  pyridinic  N  [17],  decreased  with 
the  washing  process.  The  removal  of  the  residue  containing  pyr¬ 
idinic  structure  could  be  the  reason  for  the  increment  of  the  specific 
surface  area  and  increment  of  the  percentage  of  other  than  C,  H,  and 
N.  The  samples  of  S-PM  also  had  the  peaks  assigned  to  P  and  those 
assigned  to  N  even  though  the  sample  after  the  washing  process. 
Moreover,  the  relative  intensities  of  the  peaks  assigned  to  the  N 
atoms  were  independent  of  the  washing  process.  The  peaks 
assigned  to  the  N  atoms  for  these  samples  except  S-SM700  and  S- 
SM800  were  similar  to  the  sample  prepared  from  starch  added 
guanidine  phosphate  [11],  Therefore,  the  condition  of  the  N  atom 
introduced  in  the  carbon  material  could  be  presumed  to  be  inde¬ 
pendent  of  the  kind  of  the  flame  retardant.  The  binding  energy  of 
the  P  atom  for  the  samples  of  S-PM  seemed  to  decrease  with 
increasing  the  heating  temperature,  that  is,  the  P  atoms  in  S-PM 
were  slightly  reduced  at  high  temperature.  On  the  other  hand,  the 
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peak  positions  of  the  S  atoms  for  the  samples  of  S-SM,  which  could 
be  assigned  to  S°,  were  independent  of  the  heating  temperature  in 
this  study,  and  the  peak  positions  were  similar  to  those  of  the 
carbon  derived  thiourea-formaldehyde  resin  [18],  Zhao  et  al.  re¬ 
ported  that  4,4'-thioldiphenol  derived  mesoporous  carbon  had 
superior  capacitance,  and  they  presumed  that  the  enlarged  polar¬ 
ization  with  S-doping  in  aromatic  structure  is  one  of  the  effects  for 
the  enhancement  of  capacitance  [19],  One  of  the  reasons  for  the 
larger  capacitance  value  of  S-SM  than  S  could  be  the  enlarged  po¬ 
larization  with  S-doping.  Wang  et  al.  reported  the  capacitance  of 
phosphorous-  and  nitrogen-co-doped  carbon  derived  from  glucose 
[20].  They  concluded  that  synergetic  effect  of  pseudocapacitance 
derived  from  the  functional  groups  and  the  electrical  double  layer 
capacitance  derived  from  the  micropores  developed  by  in  situ 
activation  with  ammonium  phosphate.  There  was  no  data  about  the 
amount  of  micropores  for  the  samples  of  this  study.  However,  the 
effect  of  the  addition  of  the  flame  retardant  on  the  specific  surface 
area  was  not  large  as  shown  in  Fig.  3.  Therefore,  the  introduction  of 
micropores  should  not  be  main  reason  for  the  improvement  of  the 
capacitance  value  in  this  study. 

4.  Conclusions 

The  capacitance  performance  in  an  aqueous  electrolyte  was 
investigated  for  carbon  materials  derived  from  starch  mixed  with  a 
flame  retardant  such  as  melamine  polyphosphate,  melamine  sul¬ 
fate,  guanylurea  phosphate,  and  guanidine  phosphate.  The  XPS  data 
indicated  that  nitrogen  was  incorporated  to  some  extent  with  the 
addition  of  these  flame  retardants,  and  that  the  phosphorous  (or 
sulfur)  was  also  introduced  into  the  carbon  material.  Therefore,  the 
flame  retardant  could  dope  two  kinds  of  hetero  atoms  into  the 
carbon  material.  Although  the  addition  of  the  flame  retardants  was 
ineffective  for  changing  the  specific  surface  area,  the  capacitance 
values  typically  increased  with  the  addition  of  the  flame  retardants. 
The  addition  of  a  reagent,  which  has  a  flame-retardant  effect, 


should  be  one  of  the  approaches  for  controlling  the  property  of  the 
carbon  material. 


Appendix  A.  Supplemental  material 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2014.05.140. 
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